The conserved histone variant H2AZ has an important role in the regulation of gene expression and the establishment of a buffer to the spread of silent heterochromatin. How histone variants such as H2AZ are incorporated into nucleosomes has been obscure. We have found that Swr1, a Swi2/Snf2-related adenosine triphosphatase, is the catalytic core of a multisubunit, histone-variant exchanger that efficiently replaces conventional histone H2A with histone H2AZ in nucleosome arrays. Swr1 is required for the deposition of histone H2AZ at specific chromosome locations in vivo, and Swr1 and H2AZ commonly regulate a subset of yeast genes. These findings define a previously unknown role for the adenosine triphosphate-dependent chromatin remodeling machinery.
The condensation of eukaryotic DNA in arrays of nucleosomes has a profound effect on gene function. To counteract constraints imposed by nucleosome structure, cells deploy two major classes of multiprotein enzymes, which covalently modify the nucleosome core histones or catalyze nucleosome mobility in an adenosine triphosphate (ATP)-dependent fashion (1) (2) (3) (4) (5) . Much of our current understanding of these processes is derived from analyses of nucleosomal histones that represent the major histone species within cells. However, the existence of minor histone variants, encoded by distinct, nonallelic genes, has long been recognized (6) . Recent studies have revealed that variants of histone H2A and histone H3 play important roles not only in gene expression but also in the repair of DNA breaks and the assembly of chromosome centromeres (7) (8) (9) . These advances establish a third mechanism of chromatin reconfiguration, raising fundamental questions about the stability of nucleosomes in nonreplicative phases of the cell cycle and the cellular machinery responsible for incorporating histone variants into nucleosomes. The histone H2A.F/Z (H2AZ) variant is a functionally distinct, highly conserved histone subgroup that likely represents a separate evolutionary lineage of histone H2A proteins (7, 10) . Histone H2AZ replaces the major histone H2A in a fraction of the nucleosomes isolated from chromatin (11) and reconstitutes a similar though nonidentical structure to the canonical nucleosome (12) . There is growing evidence that the incorporation of H2AZ has an important influence on gene expression. (7) . Moreover, H2AZ in transcriptionally active domains near yeast telomeres and flanking the HMR mating-type locus functions as a buffer to gene silencing caused by the spread of heterochromatin proteins (13) . Here, we show that Saccharomyces cerevisiae Swr1, an uncharacterized member of the Swi2/Snf2 family of chromatin remodeling adenosine triphosphatases (ATPases) (2, 4, 5, 14) , is contained in a multicomponent protein complex that catalyzes H2AZ-specific histone exchange.
A multicomponent SWR1 complex containing H2AZ (Htz1). In budding yeast, the paralogous genes SWR1 and INO80 are distinguished from other members of the SWI2/SNF2 family by an insertion that splits the conserved ATPase domain into two segments. In contrast to Ino80 (15, 16) , little is known about Swr1 (17) . To enable purification of native Swr1, we engineered a triple Flag epitope tag at its C terminus (18) and verified the function of Swr1-Flag in vivo (19) . Immunopurification from whole-yeast extracts revealed over 12 proteins associating with Swr1-Flag (Fig. 1A ). This assembly, named the SWR1 complex, sediments as a peak during glycerol gradient centrifugation and exhibits nucleosome-stimulated ATPase activity (Fig. 1B) . We identified components of the SWR1 complex by peptide microsequencing with the use of mass spectrometry. Several subunits-Act1, Arp4, Rvb1, and Rvb2-are common to the INO80 complex (15) and other chromatin remodeling complexes (14) (Fig. 1A) . Arp6 is an actin-related protein (20) , Yaf 9 is the yeast counterpart of the human leukemogenic protein AF9 (21) , and the remaining SWR1 subunits-Vps72, Vps71, Swc1, Aor1, and God1-are uncharacterized database entries (17) .
Several small polypeptides that copurified with the SWR1 and INO80 complexes were identified as histones (Fig. 1A) . Although the association of histones with chromatin remodeling complexes could be due to nonspecific binding of chromatin, the persistence of histone binding upon nuclease digestion suggested otherwise (19) . Among the histones copurifying with the SWR1 complex, a substantial number of tryptic peptides are derived from histone Htz1, the H2AZ variant in yeast (table S1) .
Purified Htz1 associates with SWR1 complex. To confirm the physical interaction between yeast Htz1 and the SWR1 complex, we immunopurified native Htz1-Flag from whole yeast extracts. We found that Htz1 copurified with its partner histone H2B and many other polypeptides, including all components of the SWR1 complex (Fig. 1C) . Glycerol gradient centrifugation separated the free Htz1-H2B dimer (fraction 5) from two additional assemblies: the SWR1 complex (fraction 22) and a complex we named NAP-Z, containing the nucleosome assembly protein Nap1 (22) and other polypeptides (fraction 12) (Fig. 1C) . The bulk of soluble Htz1 is distributed between free Htz1-H2B dimers and Nap1-associated Htz1-H2B dimers. The SWR1 complex contains only a minor portion of the soluble Htz1-H2B dimer population.
Swr1 and Htz1 functions overlap in vivo. To determine the biological relevance of the interaction between Htz1 and the SWR1 complex, we analyzed the growth phenotypes of mutants (23) . The swr1 null or catalytic site mutant is viable and sensitive to caffeine and the alkylating agent methyl methanesulfonate (MMS) and weakly sensitive to ultraviolet (UV) irradiation (Fig. 2A) . The htz1 mutant is also viable, sensitive to caffeine and MMS (24) , and moderately sensitive to UV, implicating a role for both proteins in DNA damage repair and other metabolic activities (23) . However, the htz1 mutant is more sensitive than swr1 to diminished deoxynucleotide triphosphate pools caused by the ribonucleotide reductase inhibitor hydroxyurea (HU) (Fig. 2A) . The swr1 phenotypes were rescued by the wild-type gene but not by a mutant carrying a Lys 727 3 Gly 727 (K727G) substitution in the ATP-binding motif of Swr1, indicating that ATP-use is crucial for its in vivo function ( Fig. 2A) .
We also examined genome-wide transcription profiles for swr1 and htz1 mutants (Fig. 2B) . Complementary DNA hybridization to yeast whole-genome microarrays revealed that 71 out of 162 Swr1-activated genes are also activated by Htz1 (44% overlap). Of 77 genes repressed by Swr1, 29 are also repressed by Htz1 (38% overlap). The incompleteness of the overlaps suggests a degree of functional independence for the two genes, or it may reflect an inherent limitation of microarray analyses. By contrast, 48 out of 446 Ino80-activated genes are also activated by Htz1 (11% overlap), and 72 out of 779 Ino80-repressed genes are also repressed by Htz1 (9% overlap). The Swr1-activated, but not Ino80-activated, genes are highly represented near yeast telomeres, consistent with the chromosomal locations of Htz1-activated genes (13) (Fig. 2C) . We found no preferential location of Htz1-or Swr1-repressed genes at yeast telomeres ( fig. S1 ).
Chromatin binding of Htz1 in vivo requires Swr1. The physical and functional connections between Swr1 and Htz1 suggested that the SWR1 complex might facilitate the assembly or remodeling of variant nucleosomes containing Htz1, leading to changes in transcription of targeted genes. Accordingly, we compared the in vivo binding of Htz1 at various chromosomal locations in wild-type and swr1 mutant cells with the use of formaldehyde cross-linking and chromatin immunoprecipitation (ChIP). Htz1 is known to bind preferentially near telomeres and at regions flanking the silent mating type locus, where it antagonizes the effects of gene silencing by heterochromatin (13) . At ϳ3 kb from the telomere, binding of Htz1 at the RDS1 promoter was lost in the swr1 null or catalytic site mutant (Fig. 3, A and B, primer  pair CR2 ). This cannot be attributed to a failure to express Htz1 in the swr1 mutant (Fig. 3A, inset) . Loss of Htz1 binding in swr1 also occurs at the ADE17 promoter, ϳ415 kb from the telomere (Fig. 3C, primer pair A3) . Likewise, a loss of Htz1 binding is observed at CAR2 and LSM3 coding regions, ϳ65 kb from the telomere (Fig. 3D , primer pairs C3 and C4).
SWR1 complex catalyzes replacement of H2A with Htz1 in vitro. How might Swr1 be used for the incorporation of Htz1 in chromatin? We proposed that the ATPdriven disruption of conventional nucleosomes by the SWR1 complex leads to displacement of histone H2A (probably as the H2A-H2B dimer) and replacement with Htz1 (Htz1-H2B) in a histone dimer exchange reaction. Accordingly, we prepared immobilized nucleosome arrays with the use of DNA bound to magnetic beads and a recombinant yeast nucleosome assembly system (25, 26) . Incubation with the SWR1 complex, a source of Htz1-H2B dimers, and ATP revealed a striking transfer of Htz1-Flag to immobilized nucleosomes. Either free Htz1-H2B dimers or dimers associated with the NAP-Z complex could be transferred by the SWR1 enzyme (Fig. 4, A  and B) , indicating that Nap1 functions as an escort rather than part of the histone transfer machinery. The reaction proceeds efficiently at room temperature with catalytic levels of the SWR1 complex (one enzyme to ϳ50 nucleosomes) and stoichiometric amounts of Htz1-H2B, resulting in substantial transfer of Htz1-Flag to the immobilized nucleosome array in 60 min (77% transfer of free Htz1-H2B dimers and 57% transfer of Nap1-associated dimers). Transfer of Htz1 is readily observed within 5 min (Fig. 4D) and is specific for nucleosomal templates, because none occurs on immobilized, naked DNA ( fig. S2) . Moreover, the SWR1 complex transfers Htz1-H2B selectively over H2A-H2B, as shown by weak transfer (11%) when tagged H2A-H2B dimers are substituted for tagged Htz1-H2B in an otherwise identical reaction (Fig. 4E) and by the excess of competing H2A-H2B (ϳninefold) required to reduce transfer of tagged Htz1-H2B by half (Fig. 4F) .
Although maximal incorporation of Htz1 into immobilized chromatin requires exogenous ATP, we could reproducibly detect transfer in the absence of ATP (Fig. 4A, 7% ; 4B, 18% ). This was also observed when ATP was substituted with adenosine diphosphate, guanosine triphosphate, and nonhydrolyzable ATP analogs (Fig. 4C ). Such transfer of Htz1 likely results from endogenous ATP bound to the purified SWR1 complex, because transfer was not detectable when an intact enzyme complex carrying a mutation in the ATP binding site of Swr1 ( fig. S3 ) was substituted for the wild-type complex (Fig.  4C) . We also evaluated other complexes of the SWI/SNF family. At equimolar or greater levels to the SWR1 complex, purified ISW1 (imitation switch), SWI/SNF, RSC (remodel the structure of chromatin), and INO80 complexes transferred Htz1 weakly (Fig. 4G) despite having higher ATPase activities ( fig.  S5 ).
To address the fate of histone H2A in the nucleosome upon transfer of Htz1 by SWR1, we analyzed the products of the transfer reaction with the use of SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining (which allows preferential visualization of yeast histones H2A and H2B). Of the four core histones, we found that only histone H2A was substantially displaced (ϳ60%) from immobilized nucleosome arrays upon transfer of Htz1. By contrast, the level of histone H2B (and H3 and H4) remained essentially unchanged (Fig. 5A) . Hence, we conclude that the SWR1 complex catalyzes displacement of histone H2A and replacement with Htz1 in a bona fide histone exchange reaction. To verify the native conformation of nucleosome core particles produced by the histone replacement reaction, we reconstituted mononucleosomes on a 201-base pair (bp) DNA fragment with the use of bacterially expressed, conventional histone octamers. Mononucleosomes were incubated with SWR1 complex, tagged Htz1-H2B dimers, and ATP, followed by digestion with micrococcal nuclease to release the nucleosome core particle. Native gel electrophoresis and DNA staining showed that the bulk of the core particle population retains native conformation, as judged by electrophoretic mobility. The incorporation of Htz1-Flag in the nucleosome core particle was shown by Western blot analysis of the native gel (Fig. 5B) .
Histone exchange: A distinct mechanism for chromatin remodeling. Two chromatin remodeling mechanisms involving alterations in DNA-histone contacts without major perturbation of the histone octamer have been proposed (2, 5) . In the "sliding" mechanism, the ATP-driven propagation of a local DNA twist or bulge over the histone octamer surface, initiating from the DNA entry or exit positions, causes the octamer to be relocated relative to the DNA sequence. There is general agreement that the comparatively small (ϳ0.5 MD) ISWI-containing complexes use a sliding mechanism to shift nucleosome positions within a nucleosome array in vitro (2, 5) . Importantly, remodeling intermediates detected in vivo are consistent with a nucleosome sliding mechanism for yeast ISW2 (27) . A more complicated DNA "looping" mechanism distinguishes the large (ϳ1 MD) SWI/SNF and closely related enzymes from ISWI enzymes. The looping mechanism is characterized by peeling of a long DNA segment from one edge of the nucleosome, octamer mobilization, and DNA rewrapping (28); nucleosomal DNA is globally distorted and becomes more susceptible to restriction nuclease digestion (2) . Both sliding and looping mechanisms apparently involve an ATP-dependent DNA-translocating activity displayed by Swi2/Snf2 family proteins (2, 5, 29, 30) .
The catalytic exchange of nucleosomal H2A for the H2AZ variant by the SWR1 complex suggests a previously unknown mechanism of chromatin remodeling that necessitates the disruption of histone-histone as well as histone-DNA contacts. Assuming the H2A-H2B dimer to be the unit of histone exchange, histone replacement necessitates displacement of two H2A-H2B dimers from the nucleosome core particle. We propose that, like SWI/SNF (28), the SWR1-catalyzed unwrapping of nucleosomal DNA from the entry or exit positions of the nucleosome exposes the DNA-binding surface of an H2A-H2B dimer. This unwrapping should promote the intrinsic tendency of the histone octamer to dissociate into constitutent H2A-H2B dimers and the (H3-H4) 2 tetramer (6, 31, 32) . In addition, components of the SWR1 complex could directly provoke dissociation of the first H2A-H2B dimer from the histone octamer. Subsequent release of Htz1-H2B from the SWR1 complex near the vacant site, coupled with relaxation or rewrapping of DNA, would then reassemble a core particle containing one each of H2A-H2B and Htz1-H2B dimers. Structural incompatibility between two heterotypic dimers within the same nucleosome core particle (12) should then facilitate SWR1-catalyzed exchange of the second H2A-H2B dimer in a cooperative fashion.
We note that other workers have independently found biochemical and genetic interactions between Swr1 and Htz1 or their mammalian orthologs (33) , although to our knowledge the demonstration of SWR1-catalyzed ATP-dependent histone variant exchange in vitro is unprecedented. Furthermore, the transfer of histones per se is not exclusive to ATP-dependent chromatin remodeling enzymes (34) .
Targeting of Htz1 and the SWR1 complex. The association of histones Htz1-H2B with the purified SWR1 complex suggests that specific SWR1 components are responsible for binding to Htz1. Likely candidates are the actin-related proteins (Arps), some of which have a role in the chromatin remodeling process and exhibit histone-binding activity in vitro (16, 35-37) . The SWR1 complex contains actin, Arp4, and, uniquely, Arp6, raising the prospect that Arp6 may have a key role in sequestering the Htz1-H2B dimer specifically.
The SWR1-dependent incorporation of Htz1 at either intergenic or transcribed regions suggests that enzyme recruitment to chromatin may involve more than promoter-specific factors and raises the possibility that Htz1 affects both initiation and elongation stages of transcription. Indeed, recent genetic studies underscore a role for Htz1 in transcription elongation (38) . The additional Htz1-interacting proteins we have identified by mass spectrometry could contribute toward this function. How the presence of one or several Htz1-variant nucleosomes within a conventional nucleosome array affects transcription initiation or elongation is unclear.
Implications for chromatin remodeling enzymes. The catalysis of H2AZ variant exchange by the SWR1 complex invites speculation on a general mechanism by which histone variants are incorporated into nucleosomes (9). We suggest that other ATPdependent chromatin remodeling complexes (2, 5, 14) might catalyze the incorporation of specific histone variants (39) , although proteins such as chromatin assembly factors may also be important (9) . Moreover, covalent modifications might provide histone signals for the catalytic exchange of histone variants or even of major histones, thereby contributing to mechanisms for hi- stone replacement and nucleosome loss associated with transcription in vivo (9, 40, 41) . The further development of assays to capture the movements of physiologically marked histones should provide insight into the regulation of chromatin dynamics.
Note added in proof: The subunits of the SWR1 complex-Vps72, Swc1, God1, Aor1, and Vps71-have been renamed Swc2, Swc3, Swc4, Swc5, and Swc6, respectively, by agreement with the laboratories of J. Greenblatt, H. Madhani, and J. Rine. 
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Self-Assembly of Mesoscopic Metal-Polymer Amphiphiles
Sungho Park, Jung-Hyurk Lim, Sung-Wook Chung, Chad A. Mirkin* The assembly properties of two-and three-component rod-like building blocks consisting of gold and polymer block domains have been investigated. These structures behave like mesoscopic amphiphiles and form a series of single-layer superstructures consisting of bundles, tubes, and sheets depending upon the compositional periodicity. Unlike molecular systems, the template used to initially synthesize them plays a critical role in the assembly process by prealigning them in a manner that facilitates their assembly by optimizing the correct collisional orientation upon dissolution of the template. Tubular structures with tailorable diameters can be assembled in a predictable manner on the basis of an estimate of the hybrid rod packing parameters.
Over the past decade, major advances have been made in the synthesis and characterization of one-dimensional rod-like nanostructures (1) . One can now synthesize, via a variety of routes, carbon-based nanotubes, polymer structures, and metal, semiconducting, and insulator inorganic compositions (2) (3) (4) (5) (6) (7) (8) . These materials have several unusual and potentially useful properties that make them promising for many potential applications in optics (9), electronics (10), and biodiagnostics (6) . One of the most powerful and now extensively used methods for synthesizing such structures relies on solid-state templates and electrochemistry to control the diameter and length of such structures (6, 11) . Using this approach, one can synthesize one-and multicomponent structures with exquisite control over block composition size. Although these rod-like building blocks can be routinely made in large quantities and in massively parallel fashion, only a few techniques allow one to assemble them into organized two-and three-dimensional structures (12) (13) (14) (15) (16) (17) . No techniques have been developed for controlling their assembly into curved structures, a capability necessary to fully understand and exploit the concept of self-assembly with unnatural mesoscopic building blocks (18) .
Our approach to generating mesoscopic amphiphiles involves the synthesis of rodlike structures consisting of hard and soft domains. The hard hydrophilic domain is an inorganic material such as gold, and the soft domain is a hydrophobic conducting polymer such as oxidized polypyrrole, which can be electrochemically polymerized within the confines of an alumina template. The rationale was that because of the compositional differences between the inorganic and organic portions of these novel structures, the Department of Chemistry and Institute for Nanotechnology, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208 -3113, USA.
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